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'FOREWORD

This report was prepared by L. E. Mertens and D. L. Phillips, RCA
Service Co. Deep Look Project, under Contract #FO8606-73-C-0014.L --

A great deal of effort has been expended on -this program -to correlate
theoretical calculations with in situ experimental data. Theoretical
and experimental investigationsvere repeated and refined to the
point where the confidence level in theoretical calculations is
acceptable for determining the actual performance of any proposed
undersea optical system,

This report sumarizes the long path optical ,data measured in coastal
and oceanic water in the Bahamas. Other Project Deep Look reports
show how this data can be used to compute imaging system ,performance.

It is our hope ,that the 'data contained in this report will allow the
number of prototypes constructed during system development to be
reduced by using analytical techniques.

Publication of this report does not constitute Air Force Approval of
the reports findings or conclusions. It is published only for the
exchange and stimulation of ideas.

Q& H, ?4tCKLOW, Program Engineer
Range Measureaents Laboratory
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ABSTRACT

Thitrelpbrt presents the first~ in situ, sea water -m-eb-nko ts
-of the Bea ,~ Fnto~& and Point Spea F'n ctio t'

BaSfread, Stuncead u

Furthermore,4 these measurements Are valid'to much smadller angjel

than- those previously rublshed and ihould be of value in Jii 1na Lg

system analysis. ITeasurements are presented for sea -wiater ranging,

from clear coastal to naximum clarity deep oceanic; over an angular

range tr~n less than~o- radians to 184 and for propagation ranges&

up to nine attenuation lengths.
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Io INTRODUCTION

The Beam Spread Function, BSF (Re, ) maps the irradiance field at

the range R about a collimated light source. The Point Spread

Function, PS'F (R.eO.) describes the radiance distribution ?roduced by

a small lambtrtian point source which is observed from a point, at the

range R. These two functions are important basic optical parameters

for predicting image propagation in sea water. In fact, most of the

other optical parameters which have been used to describe the propa-

Y gation of light in water can be derived from either BSF-or PSF

measurements. For example, the volume attenuation coefficient, a,

can-be easily determined from the logarithmic slope of the on axis

BSF or PSF as a function of range. The volume absorption coefficient,

a, can be estimated from the loss in total light energy as a function

of range. The total light lose can be determined by integrating the

SP or PSF over the entire solid angle. From these a and a coefficients,

the v(Iume .scattering coefficient, a, can be computed using the

simplc relationship a-a-s. For small angles, the BSF can be used to

compute the Volume Scattering Functioni VSFr, which is commonly used

4.' to describe the angular scattering properties of water. The VSF in

turn can be related to the eize distribution and refractive index

SW of the particles in sea water. The modulation transfer function (MTF)

of the water path can be determined by taking. ,the two-dimensional,

Vourier transform of the BSF or PSF.

The BS! and PSF of sea water cai-zbe measured conveniently and accurately

AIL. E. MeAte. and D. L. PhiL p6
"Deep Look Repo'xt "MeaAmement o6 the Votune Sca.ttekZng Fuweon o6
- eA~ AtJL 7 MaUA~ -1972, TR0334.



with instrumentation developed on the Deep Look Program. Unlile the

more conventional measurements, these functions are measured over

long ranges - usually comparable to the desired system operational

ranges. Small measurement errors do not iacrease when this long

path data is used in making system predictions and computations.

Note that conventional parameters are usually measured over short

one meter paths and any measurement errors increase exponentially

whei, scaling or propagating to the longer operational paths. For

these reasons the BSF and PSF have been selected in the Deep Look

Program as the basic input data to describe the transmission pro-

perties of sea water.

BSF and PSF data presented in this report are the first in situ

measurements for sea water. Furthermore these measurements are

valid to much smaller angles than those previously published and

should thus be of value in imaging system analysis. Measurements

j are presented here for sea water ranging from clear coastal to

maximum clarity deep oceanic; over an angular range from less than

10-4 radians up to 1800 and for propagation ranges up to nine

attenuation lengths.

III THE MAM SPREAD FUNCTION - BSF

The BSF will be defined as the irradiance at each point on the surface

of a sphere of radius R having its origin at the source of a collima-

ted beam of light (of negligibly small cross-section). As can be seen

in Figure 1, the BSF is a functiou of R, 0, #; the spherical co-

ordinates of the point on the surface of the sphere,

2
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The RSF is also a function of several other parameters that are not

geometry dependent. The output power 'of the transmitter is one of

these parameters. In order to eliminate the influence of/transmitter

power, it is conventional to normalize the BSF with respect to the

transmitter power. When this is done the BSF 'has units of (meters)-
2 ,

In this report we always use this form of the normalized -BSF unless

specifically stated otherwise*. The 3SF is, of course, a function of

the wavelength of light used. Since the Deep Look Program is princi-

pally concerned with very long range imaging systems, most measure-

ments have been made near the optimum transmission wavelength of

water (i.e., 480 tt).

At large angles off axis, the BSY is affected by the transmitter

polarization. Therefore, measurements have been made with both

horizontal and vertical linearly polarized sources.

The absorption and scattering properties of the water (and its dis-

solved and suspended materials) have a major effect on the shape of

the BSF. For the large angle, region, the BSF's for many z'ypes of water

appear to 'be quite similar if measured at the same normalized range (i.e.,

same number of attenuation lensths,, Wf) and the a/a ratios for the

various types of water are approximately the same,. The situation, how-

ever is quite different in the small angle region where temperature and

*The 8SF w, be made eoptetety non-dimen6ionat by muLV'piyn by R2.
TZ46 additionat nomatization i6, coveniet 604 maI pw.p9seA oAd
W~ been ;oed, by W. WL
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salinity inhomogeneities as well as the size and refractive index

distribution of the particulate matter become very important.

Most conventional instrumentation used to measure the optical proper-

ties of water cannot detect these effects and, hence, could lead

to serious errors in imaging system analysis where small angle scat-

tering is very significant.

The Umpte deginiton o the 5SF wAich 4 4puented above i6 not
qoinpteAteti adequate 6o'L a detaJid Atudy o6 the pftopagation o4
tigh~t in i*t '. F, exanp&, the aize (Wwnetea) o6 the zou.~ce
bUM, utative to-the &wate.Aeu~ (i.e., motecu~e6, 6"~pended
pateA, -and twibutenee,6) 4i,mpo~~~tont in diffkaction phenomena.
The idea'zed "point" coUrated -6oue uAed in the BSF de6iniiton
i46 phyai ,.g aatizab.e and met eenta have actuw.Uy been made
WAtl Umef bemm haVing dimte&, on the okdeL af 1 on and di-
ve~genceA teCM Om 1.0- AadiAois The actuat aowtce be=a £6 thuL6
eonid~eaby tmge4 than the supended pateL., and molecuaa and
it' exaet' c"naeion,& a~e not- mfticat, -So,% out §F measumfenentb
(whi o te 'iatty j4 ahgtu gkea te. than 103 O ad&u ). The
domia nt tuAbutence 'cat", hoiteve, au.e compakable to oit gxeateA
than the actuat-6oWaee be=r di-netm. When zdatteA.' 9 iom mumh
tw'buteen becoma ,mpos.aant, gf.eatet peciaion mu6t be u.ed in
de6iiu-M and meau"Zng the 8SF.
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III. THE POINT SPREAD Ft'CTION,- s!

The geometry used for defining the PSF is shown in Figure 2. The

PSF for the range, R, is defined here as the radiance distribution

arriving at a point at range K from a small lambertian point source.*

For a particular range the value of the PSF will vary with the

angle of arrival of the light rays.

The PSF will be normalized with respect to the radiant intensity

of the light source. Thus it also has units of (meters)" 2 the same

as for the previously defined normalized BSf. In this report we

always use the normalized PSF tonless specifically stated otherwise.

Just as in the case of the BSF, the PSF is a function of ranget th

polar angles e and #, source wavelength, and the water's optical

properties.

IVa RELATIONSHIP BETWEEN ,BSF AND PSF

The discussions in the preceding sections make it apparent that the

normalized BSF and PSF are very similar. They both have the same

units and yield the same basic optical par& meters. Furthermore,

* Note ta PSF i mote conventionaJt degined a the. icadiance

~t~ibution in the imdge pete o4 he 6_q4tem.
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the measurement curves turn out to be quite similar in shape and

magnitude. This similarity leads us to question whether the BSF

and PSF might be identical in theory.

The BSF and PSF can be thought of as transfer functions between

specific transmitter and receiver configurations. A brief review

of the methods of measurement of the BSF and PSF indicate a certain

reciprocity which is more evident by reference to Figure 3. In the

case of the BSF we have a narrow (collimated) transmitter beam and

a wide angle (cosine pattern) receiver. In the PSe case we have a

cosine transmitter radiation pattern and a narrow beam receiver.

The BSF and PSF thus represent a set of "reciprocal" measurements

in which the source and receiver are interchanged. A very general

form of the "reciprocity theorem" indicates that the transfer

relations will be the same for both cases provided that the medium

meets certain, conditions such as linearity. In our measurements,

exact reciprocity does not exist because A,) the laser transmitter

was linearly polarized while the radiance measuring instrument was

normally used without polarizers and 2) the laser transmitter had

a very narrow and collimated beam while the radiance measurements used

a wider aperture and slightly diverging beam (i.e., field of view).

It will be shown later that the polarization differences are important

mainly at very large angles and the narrow beam characteristics will

only affect the very small angle measurements. Thus we would expect

(and actually find) the normalized BSF'd and PSF's to be essentially

the same over most of our measurement range.

8



FIGMRE 3
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V. FIELD- _ ASSMINrNT TECHUIOPeS

BSF and ?SF measurements on the Deep Look Project have been made at

two locations near Andros Isl!and, Bahamas. One is in shallow coastal

41 water behind Hiph Cay and the other is in deep oceanic water (2000m

deep) in the Tongue of The Ocean, TOTO. At High Cay all of the BSF

and PSF instrumentation is mounted on pedestals which set on the sea

floor. In the TOTO, the instrumentation is mounted on a 20 meter

long optical bench which is suspended below the instrumentated barge.

The light Rource for most of the BSF measurements has been a CW Arron

laser which has five major emIssion lines in the 457.9 to 514.5nm

Vyavelength region. Individual spectral lines can be selected and optics

are available to collimate the bear.. The irradiance detecdtor is a

Cintra radiometer with a diffuser to give approximatel; a 1600 field of

view. Thin, detector is normally operated unpolarized, but a linear

polarizer can be added wihen desired. The laser, of course, is linearly

polarized.

The optical output pouer of the laser source is measured during the test

by moving the tintra detector as close as possible to the laser port.

This power level is then maintained with the aid of a power monitor

located vithin the laser housing.

10



Our normal test procedure is to tune the laser to the desired

wavdlength, collimate the bean' and adjust the output power of

the laser. With the transmitter set-up and operating, the

iikradiance, field about the source is measured. This could be

,done by moving the Cintra detector at a tixed range R, over the

surface of the sphere, centered, at the source; however,) it is

usually more convenient to use a fixed detector and rotate the

laser housing. Since the BSF appears symmetrical ribout the beam

axis for most regions of interest it is necessaey, to scan- the beam

(from 00 to 1800) in one dimension only. Wlhen there is reason to

believe that the scattering may be s ifjlicantly asymmetrical, scanls

in several planes can be measured to define the irradiance field.

The BSF has been measured'f or ranges from less than one to approx-

imately nine attenuation lengths and for angles as small as a few

'hundredths of a m'l'iradian. In order to investigate any asymmetry

due to source polarization two orthogonal scans of the laser beam

were used , to measure the BSPi One scan is -along the plane parallel

to the,-!;asef polarization and the other along the plane perpendiouiar

to the laser ipolarization. The BSF has, also been measured a3 a

function of x.ivelength over the Argon laser band. Water properties

ate monitored 'during the tests using other Deep Look instrumentation.

The PSF has been measured using both electronic and photographic

sensors 'in, shallow water at High Cay and by photographic techniques

Fo- exmipte, a,61rnetk.toceWls (it twZge angta with potized, tigh t

4oukceh,



only in the deep water of the TOTO. The majority of the High Cay

PSF measurements were made with a CW Argon laser illuminating a

small diffuser as the point lambertian source. The radiance

detector was a modified Pritchard photometer (air focal length

84 inches, f/15 lens and in-water F.O.V. 1.08 milliradian). Linear

polarizers can be inserted in the photometer if desired.

For the electronic technique the radiant intensity of the point

source is measured during the test and maintained- using the laser

power monitor. The wavelength desired ia selected at the laser.

The radiance field arriving at the narrow field oi view detector

at the range R is measured by rotating the photometer from 00 to

0 0
90 (i.e., in Figure 2, e m 0, * varies from 0 o 90 ),. The PSF

has been measured using this technique at High Gay for ranges to

approximately nine atten ation lengths,

The phctographic technique involves photographing a small diameter

"point" iambertian source at various rangti from the camera. The

film is developed and the density produced by the scattered light

is read on a microdetitometer. Density readings are converted to

energy and appropriately scaled to yield the PSF. Details of the

point source di4ffered for the various tests.

The point source for the deep water tests in November 1971 used a

250 watt Quartz Iodide lamp in a light-tight housing. A 1mm or a

10mm clear aperture in the housing could be selected to define the

12



"point" source. TWo sheets of diffuser with a Wratten 45A filter

-between them was placed between the lamp and the defining aperture.

This point source assembly was mounted on the long bench at approx-

imately 19m, from the automatic camera (Nikon 250 exposure with

F = 800mm, f/3.8 lens). The camera focus range can be remotely

varied in small stens to bracket an object distance chang, of 0.5

meter 96 as to insure at least one photograph in sharp focus despite

anticipated thermal expansion and refractive index variations.

Photographs were recorded at several depths for both apertures and

a range of exposure times to ingsure optimum film density for all

scattering Fsngles within the field of view, The developed film was

previewed ,witlh a microscope to identify tb franes -Vitli sharpest

focus ana opt.mui density range, The selected frames were scanned

on a micr4 nsitometer and then converted into energy per unit ,area

in the film plane as a tunct.oo of thew an le from the center of the

image. The energies rieved were then normalized by the exposure

time, camera parameters, andi source intensity to produce the PSF.

VI. TEST PESUTLTS

The in situ measurembht, discus6ed in this section irere conducted in

1971 as a portion of the Deep Look Project.

Figu,es 4 and 5 show the affect of ranpe on BSF and PSI' respectively.

These data were measured foi; clear coastal water at Figh Cay during

Itarch and June 1971. Both sets of data were measured for a wavelength

of 4,8nm and the BSP, detector vas scanned in a plane perpendicular tof the polarization of the laier.

13
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K FIGURE 5

Poinit Spread Function for Cear Coastal Water
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For the small angle region the slope of these curves gets less as

range increases. Since th ese data plot as nearly straight lines on

16g-log paper wie see that the BSTF and PSF data can bd-approximated

over a *easonable range of angles -by the expression K.On where K

and n are functions of the range.

Y Yigtire 6 is another useful presentation of the Figure 5 data. Fere

the value of the PSP is plotted versus range for three particular

anges, The slbpe of these curves is approxinately equal to a, the

volume attenuation coefficibnt,, for small angles off axis. The slope

(or effective attenuation coefficient) is less than a for larger angles,

This explains why broad or diffuse light sources propagate with less

attenuation than c,

PELt~lozsitir ot toS AnD rsr

Coparison otf the data, showm in Figures 4 and 5 shows that the

nfti 'rlized BSF and PSF %re nearly identical. BSr and PSr curves for

the naie attenuation length show absolute apreement wYithin 30%.

Table 1 shows the value of the ratio oO the PSV to the DSP measured

for an AnR3e,of ten milliradians. The average value of this ratio for

ni e observations differs frOm untty by less than 37. Considerinp the

accuracy of the measurements it can be said that our data supports the

hynothesis .that the normalized BSr and PSF functions are identical.

i6
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'TABLE '1

Ratio Of~lornalized' PSF to the Normalized BSF at 0.01 radians

PSF

Range in Laser Polarization BSF
Date Attenuation Lenpth, rbr BSr Ratio

!atch 1971. 2.8 Vertical 1.18

March 1971 5.6 Vertical 1.02

June 1971 5.0 Vertical 0.99

June 1971 7.5 Vertical 0.86

June '19.71 8.9 Vertical 0.96

n June 1971 5.0 lorizontal 1.23

June 1971 7.5 Horizontal 0,73

Juice 1971 8.9 Horizontal 0.76

Average datio 0.97

18,



" DEPENDET-CEB ON TYPE OF VWATER

The BSP measured for surface oceanic water in the TOTO is shown in
'Figure 7. It is interesting to compare this data with that of clear

coastal water (Figure 4). Comparison of the curves should be made

for equivalent numbers of attenuation lengths rather than eouivalent

physical ranges... This procedure adjusts f r the large difference

* in clarity between, the different waters. UTnfortuntely, we are

limited to 20 meter paths in the deep water due to the mechanical

problems of deploying longeo optical benches at sea. Also the

normalized ranges (in terms )f attenuation lengths) are not exactly

equivalent for both rigures. However, comparison of the shorter

range spread functions indicates that they are very similar in shape

and magnitude despite-differdk "es in the water.

The affect of vater parameters on the PSF at a given range can be seen

in the photographic data we collected in November 1971. The non-

normalized PSr for ,dep'ths of 30 meters and 217 meters in the TOTO are

shon in Figures 8 and 9 " Our data is the first measured in the

deep clear ocean. ks can be seen, our smallest anple measured was

approximately 4 X 10- 5 radians. The PSF's shown are not normalized.

The curve shape (for the 30 meter depth data) agrees very well with

the data in rigure 5.,

The curves shown in Figures 8 and 9 have been corrected for lens

flare determined by an in-air calibration of the camera6

\-5.



FIGURE ,7

March and May Surface TOTO BSF Data
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FIGURE 8

.- .~ . . .. ~ .- ~ .1 .. I

-~e- 4i±t~r V it -- ' e

-- --- - ?T~f~IN'~T7 epth

*.42I4~

- -J

104 16 -2 10-

kngle Measured Fror Image Center
(R~diatis)-

21



FIGURE 9
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.NATELENGTH DEPEnDENCE

The BSF and PSF will vary with the wavelength of light employed

due to the change in both the ahbsorption and scattering with wave-

length. Figure 10 shows the BSF(O) for approximately 7 attenuation

lengths for wavelengths of 488nm and 515nm. For small angles the

scattering is about the same at hoth wavelengths but for large

angles the scattered light is significantly less at the longer

wavelength.

POLARIZATIOIT DEPErJ)ETICE

The dependence of the BSF on transmitter polarization (relative to

the plane of measurement) is showm in Figure 11. These data were

collected 31 May 1971 in the TOTO with an unpolarized receiver

for two transmitter to receiver ranges. At each range data were

collected with the detector scan perpendicular to the laser polari-

zation (transmitter polarization vertical) and detector scan parallel

to the laser polarization (transmtter polarization horizontal).

The transmitter polarizption makes no difference in the BSF for angles

less than approximately 0.3 radians. Beyond 0.3 radian the received

scattered ginergy is less ,for the transmitter polarization horizontal

(i.e,:, in the rlane of measurement). As a result, horizontal polari-

zation is preferred for imafing 'ystens since it prodiices slightly

less backscatter and hai no other disadvantages. NQte carefully that

these measurements do not use 9. polarized receiver and are not directly

related ,to the use of cross polarizers for backscatter reduction.

23
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FIGURE 11

5 31 May 1971 -Ge"n Spread Function TOTO
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VII. DATA ACCURACY

In conclusion some general renarks should be Piade concerning the

accuracy ahd quality of the data presented in the report. The ddta

appear repeatable and have relatively low random noise as can be

seen by examining the fluctuations of the actual data points about

the smiothed curves. In addition, a theory developed by W. Wells

shows how the PS? (or MVF) for a Pgiven range is related to that

for another range. Analysis of the experimental data by Wells and

ourselves showed that it is consistent with this theory.

It is 4all to note, however, some of the sources of error in the

measuremdnts, The data collected at Kigh Cay has three sources of

environmentally caused error sources. One is the variability of

a in the shallow 'coastal, water. The a varies rapidly and by large

amounts with changes in wind conditions and tides. The change in

a that occurred durinp the June BSF (data showm in Figure 4) is

shoxn in Figure 12. Here a increased steadily for two hours before

it became stable. 'Tariable a can cause data inconsistencies within

one test (or even one run throunh all angles at one range), It can

also result in the vronp value of oR beinf associated with a

particular data run. It appears that this may cause a problem in

some of the riPure 4 and 5 data %,here it vas not practical to monitor

a continuously durino the spread function measurements.

W"te, (, If., "Lou o4 ReAotution in Vata " a L Peautt of Ilfwtpte
&I WAngte ScatteAZg", J. Opt. Soc. Am., 59, Jane 1969.
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A second problem at High Cay is plankton accumulation around the

light source., Workint at ni;,ht with very bripot light sources

sometimes attracts plankton. Thisi of course, causes locAl increase

in the attenuation and ndttering of' the light. A diver near the

light sourde haii been used to monitor this problem and if plankton

begins to accumulate, the li.hi is turned off until the plankton

dissipateg. 'Teasurerents are taken as -ast as possible to mininize

both a changes and iankton build-up.

The third problem involves the measurement pcometry. "ligh Cay

measurements are conducted ixi water that is approximately 5 meters

deep. The ocean floor is coarse white sand., Thus, at the larger
angles the BSF or P detectors will see diffuse scattering fiom

the ocean floor and re-lection from the ocean surface. This extra

scattering causes the BSr and PSr curves to be too large for greater

anplas.

All of the above problems, excent scatterinp off of the ocean floor,

can affect measurements in the TOTO. Ilo-ever, due to the rore stable

water environment bf the deen ocean and alipht motion of the neasurinn,

platform, they do not seem to result in significant data errors in

the TOTO.
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